Viral and bacterial pathogens have long been suspected to affect atherogenesis directly. However, mechanisms linking innate immunity to chronic inflammatory diseases such as atherosclerosis are still poorly defined. Here we show that infection of primary human aortic smooth muscle cells (HAOSMC) with human cytomegalovirus (HCMV) leads to activation of the novel IB kinase (IKK)-related kinase, Tank-binding kinase-1 (TBK1), a major effector of the cellular innate immune response. We demonstrate that part of the HCMV inflammatory response is most likely mediated via this novel kinase because the canonical IKK complex was only poorly activated upon infection of HAOSMC. An increase in TBK1 phosphotransferase activity led to a strong activation of the interferon regulatory factor (IRF)-3 transcription factor as measured by its C-terminal phosphorylation, dimerization, and DNA binding activity. In addition to TBK1, HAOSMC also express another IKK-related kinase isoform, IKK⑀, albeit at a lower level. Nevertheless, both isoforms were required for full activation of IRF-3 by HCMV. The transcripts of proatherosclerotic genes Ccl5 (encoding for the chemokine RANTES (regulated upon activation, normal T cell expressed and secreted)) and Cxcl10 (encoding for the chemokine IP-10 (interferon-␥-inducible protein 10)) were induced in an IRF-3-dependent manner after HCMV infection of smooth muscle cells. In addition, cytokine arrays analysis showed that RANTES and IP-10 were the predominant chemokines present in the supernatant of HCMV-infected HAOSMC. Activation of the TBK1/IRF-3 pathway was independent of epidermal growth factor receptor and pertussis toxin-sensitive G protein-coupled receptor activation. Our results thus add additional molecular clues to a possible role of HCMV as a modulator of atherogenesis through the induction of a proinflammatory response that is, in part, dependent of an IKK-related kinase pathway.
Inflammation is a key process in the development of atherosclerosis, and one of the rate-limiting steps in the development of atherosclerotic lesions is the production of inflammatory chemokines by endothelial cells and vascular smooth muscle cells (VSMC) 1 (for review, see Ref. 1). The two major chemokine groups are the CC chemokines, which include monocyte chemoattractant protein-1, RANTES, macrophage inflammatory protein-1␣ and -1␤, and the CXC chemokines interleukin (IL)-8, stromal cell-derived factor-1␣, and interferon-␥-inducible protein-10 (IP-10). Chemokines induce chemotaxis of leukocytes in vitro as well as the recruitment of leukocytes to inflammatory sites in vivo. These mediators of inflammation have been detected in atherosclerotic lesions from both human and experimental animals but not in normal arteries, suggesting that they may play a significant role in the pathogenesis of atherosclerosis (2) .
Because traditional risk factors such as hyperlipidemia, hypertension, diabetes, age, sex, smoking, and familial history cannot explain the occurrence of atherosclerosis in about 50% of the cases, other factors could be involved (3) . Infectious agents including bacteria such as Chlamydia pneumoniae and Helicobacter pylori or viruses such as human cytomegalovirus (HCMV) have long been suspected to initiate or contribute to the disease (for reviews, see Refs. 4 and 5) . After primary infection, the ␤ herpesvirus HCMV establishes lifelong latent infection in the host. In the human aorta, endothelial cells, and VSMC appear to be the primary site of infection, suggesting that the vasculature may serve as a reservoir for HCMV (6) . Infection or reactivation from latency is thought to play an essential role in atherogenesis, both in native as well as transplant atherosclerosis. The molecular mechanisms by which HCMV infection contributes to atherosclerosis are still not fully understood. The induction of a repertoire of viral genes responsible for cell cycle control disruption has been suggested (7, 8) . In addition, through up-regulation of scavenger receptor-A and platelet-derived growth factor-␤ receptor, HCMV may play a role in cholesterol uptake (9) as well as proliferation and migration of VSMC, respectively (10, 11) . Independent studies also demonstrated the production of the cytokines IL-6 and IL-8 in HCMV-infected VSMC (12, 13) . Thus, notably, most of the HCMV infection effects on atherosclerosis progression seem to be mediated by gene regulation through activation of transcription factors.
The transcription factor NF-B is an important regulator of inflammation, immune response, and cellular survival (14) . Its role in atherosclerosis development is strengthened by the observations that it can mediate the induction of more than 150 proatherosclerotic genes (14) . The pathways involved in NF-B have been well characterized. In nonstimulated cells, the NF-B factors are retained in the cytoplasm in association with inhibitory subunits, IBs. After viral infection, treatment with proinflammatory stimuli such as tumor necrosis factor-␣, IL-1, lipopolysaccharide (LPS), or exposure to double-stranded RNA, a replicative intermediate of RNA viruses, IBs are phosphorylated at conserved N-terminal residues (serines 32 and 36 for IB␣) by the IB kinase (IKK) complex, which is composed of two catalytic subunits IKK␣ and ␤ and one regulatory subunit IKK␥. Phosphorylation triggers a signal that induces ubiquitindependent degradation of IBs and subsequent nuclear translocation of the NF-B dimers (for review, see Ref. 15) . Two related IKK homologs, IKK⑀ (16) , also called IKK-i (17) , and TBK1 (18) , also called NF-B-activating kinase (19) or tumor necrosis factor receptor-associated factor 2-associated kinase (20, 21) , also have been implicated in NF-B activation (16, 18, 20 -23) . The targets of TBK1 in the NF-B activation pathway have not been identified because IB␣ does not seems to be the physiological substrate (20) . Other possible substrates of TBK1 include the IKK complex as well as the RelA (p65) subunit of NF-B (19, 21) .
Interferon regulatory factor (IRF)-3 is another key transcription factor activated after virus infection. It belongs to the family of IRFs which includes IRF-1 to IRF-9 (24) . IRF-3 is essential in the activation of the innate arm of the immune system (25) . The pathways regulating IRF-3 phosphorylation and activation are the focus of considerable investigations. Recent studies suggest that TBK1 and IKK⑀ correspond to the kinases leading to C-terminal phosphorylation of IRF-3 (26 -30) . Upon phosphorylation, IRF-3 homodimerizes and accumulates into the nucleus where it induces gene transcription after recognition of specific DNA response elements called interferon-stimulated response elements (ISRE) or positive regulatory domains I-III located in promoters of chemokines IL-15, IP-10, and RANTES as well as cytokines such as the type I interferon (26, 27 ; for a recent review, see Ref. 31) .
As a mechanism of lifelong latent infection, HCMV executes multiple immune-evasive activities in infected cells (32) . Recent reports demonstrated that the tegument protein from HCMV, pp65, was able to prevent NF-B and IRF-3 activation (33, 34) . Earlier studies also suggested that HCMV infection interferes with the IRF-3 pathway (35, 36) . These reports challenge the concept that HCMV infection of VSMC could lead to atherosclerosis development through, in part, the induction of proinflammatory genes. This study was thus undertaken to verify whether one of the major effector pathway of the innate arm of the immune system, the IKK-related kinase pathway, could be involved in HCMV-induced proinflammatory response in VSMC. Our results show for the first time an inducible phosphotransferase activity of TBK1 by a DNA virus such as HCMV. Activation of the kinase was observed in primary human vascular smooth muscle cells (HAOSMC), was independent of a replication-competent virus, and led to strong IRF-3 activation followed by the specific and restricted induction of IRF-3 target genes, i.e. the proatherosclerotic chemokines IP-10 (Cxcl10) and RANTES (Ccl5). IKK⑀, albeit expressed at a lower level in primary HAOSMC, was required for full IRF-3 activation by HCMV. Our results thus add additional molecular evidence for a role of HCMV as a modulator of atherogenesis through the induction of an inflammatory response, which in part, results from the activation of an IKK-related kinase pathway.
EXPERIMENTAL PROCEDURES
Reagents, Antibodies, and Plasmids-Angiotensin II was purchased from Hubakel Scientific (St. Laurent, QC). Lysophosphatidic acid (LPA) was from Sigma. Tyrphostin AG1478 was from Calbiochem. G418 was from Invitrogen. Pertussis toxin (PTX) was from List Biological Laboratories (Campbell, CA). Commercial antibodies were from the following suppliers: anti-IRF-3 (SC-369X), anti-IKK␥ (SC-8330), anti-TBK1 (SC-9911), and anti-IB␣ (SC-371) were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-IKK⑀ (IMG-270A) (which also recognizes TBK1) was from Imgenex (San Diego). An antibody against the nuclear export sequence of human IRF-3 (anti-NES) was from Immuno-Biological Laboratories Co. (IBL, Japan). Anti-␤-actin clone AC-74 (A5316) was from Sigma. Phospho-IB␣ (Ser-32) antibody (9241) was from Cell Signaling Technology (Beverly, MA). A neutralizing antibody against epidermal growth factor receptor (EGFR; clone 05-101), which was recently shown to inhibit HCMV entry (37) , was purchased from Upstate Biotechnology. Anti-HCMV (a mixture of two mouse monoclonal antibodies against HCMV; M0854) was from DAKO (Denmark). A specific rabbit anti-TBK1 antibody (89246) that has been shown to immunoprecipitate endogenous TBK1 (27) was a kind gift from Dr. Tom Maniatis (Harvard University). Polyclonal antibodies to ERK1 (SM1), p38 (HSK 591.1), and JNK (914.1) were all gifts from Dr. Sylvain Meloche (University of Montreal) and have been described elsewhere (38) . The anti-phospho-IRF-3 Ser-396 (HIS 5033) was from Dr. John Hiscott (McGill University, Montreal, QC), and its use has been described previously (26, 39) . The IRF-3 dominant-negative mutant (⌬NIRF-3) (40) was a kind gift from Dr. Rongtuan Lin (McGill University, Montreal, QC). Glutathione S-transferase (GST)-ATF2 recombinant protein was from Santa Cruz Biotechnology. GST-IB␣, GST-IRF-3wt, GST-IRF-3 5A, and GST-IRF-3 J2A were kind gifts from Dr. John Hiscott and have been described previously (26) .
Cell Types and Virus Strains-Primary human HAOSMC were purchased from Cell Applications, Inc. (San Diego) and cultured in medium purchased from the same manufacturer. Each cell lot was from a single donor. All experiments were repeated for two different donors. Rat aortic SMC and rat aortic SMC overexpressing a dominant-negative version of EGFR (HERCD533) (41) were obtained from Dr. Sylvain Meloche (University of Montreal). Growth conditions, starvation medium, and stimulation with angiotensin II and LPA have been described elsewhere (41) . Human foreskin fibroblasts and MRC-5 fibroblasts were obtained from American Type Culture Collection (ATCC) and cultured in minimal essential medium containing 10% fetal bovine serum. All cells tested negative for mycoplasm contamination. HCMV Towne strain was obtained from ATCC. HCMV Toledo was a kind gift from Jeff Vieira (Fred Hutchinson Cancer Research Center, Seattle). Sendai virus (SeV) was obtained from Specific Pathogen-Free Avian Supply (North Franklin, CT).
HCMV Production-HCMV Towne and Toledo strains were propagated as follows. Subconfluent MRC-5 cells were inoculated with HCMV at a multiplicity of infection of 0.001 plaque-forming unit/cell for 1 h, with rocking every 15 min. After HCMV adsorption, the cells were washed once with phosphate-buffered saline and reincubated with complete growth medium. Medium was changed each 3 days until 100% cytopathic effects were observed. 3-4 days later, medium was collected and centrifuged at 1,500 ϫ g for 15 min to remove cellular debris. The precleared supernatant was then ultracentrifuged at 154,000 ϫ g for 30 min at 4°C. The pellet containing concentrated virus particles was washed once with serum-free medium and resuspended in serum-free medium containing 10% glycerol. Aliquots were frozen in liquid nitrogen and then stored at Ϫ80°C. Virus titers were measured by plaque assays on human foreskin fibroblasts (passages 4 -6) as follows. Cell monolayers were infected with 10-fold serial dilutions of virus stock. After a 1-h adsorption period, the cells were overlaid with medium containing 1% methylcellulose (Sigma). When plaques were seen, ϳ10 -14 days postinfection, the cells were fixed with ice-cold methanol, washed twice with phosphate-buffered saline, and then incubated with blocking buffer (6% bovine serum albumin in phosphate-buffered saline) for 30 min at room temperature. Plaques were detected by immunocytochemical staining with mouse monoclonal anti-HCMV (1/200) as the primary antibody and alkaline phosphatase-conjugated anti-mouse immunoglobulin G (1/200) for the secondary antibody (KPL, Gaithersburg, MD) followed by enzymatic deposition of 5-bromo-4-chloro-3-in-dolyl/nitro blue tetrazolium (Sigma). Infectivity was recorded as plaqueforming units, and habitual titers were ϳ10 7 plaque-forming units/ml. Infection-Cells were infected with HCMV Towne strain at a multiplicity of infection of 1.0 plaque-forming unit/cell or with SeV at 40 hemagglutinating units/10 6 cells for 2 h in serum-free medium. Then the serum-free medium was replaced with complete medium for the rest of the kinetics. Where indicated, cells were infected with Toledo strain at a multiplicity of infection of 1.0. In some experiments, before infection, a portion of HCMV stock was heat-treated by boiling for 20 min.
Small Interfering RNA (siRNA)-The 21-nucleotide siRNA duplexes with 2-nucleotide (2-deoxy)-thymidine 3 overhangs were obtained from Dharmacon Research (Lafayette, CO) and directed against the following nucleotides: 1612-1631 of IKK⑀ (GAAGCATCCAGCAGATTCA), 1473-1492 of TBK1 (GCGGCAGAGTTAGGTGAAA), and a siCON-TROL nontargeting siRNA duplexes (D-001210-01-20) as described previously (26) . For transfection, cells were trypsinized and seeded into 6-well plates (2.0 ϫ 10 5 cells/well) without antibiotics. After 24 h, cells were transfected with siRNA oligonucleotides using Lipofectamine 2000 (Invitrogen) according to the manufacturer's specifications. siRNA duplexes were used at a final concentration of 120 nM in transfections. Cells were harvested for analysis 72 h after transfection.
Retrovector Construction, Transduction, and Generation of Rat VSMC-overexpressing ⌬NIRF-3-The pMSCVneo ⌬NIRF-3 retrovector was generated by amplifying the sequence encoding ⌬NIRF-3 from the pBSCMV-⌬NIRF-3 plasmid (42) by PCR (94°C for 60 s, 55°C for 60 s, 72°C for 2 min, for 25 cycles) using Pfx DNA polymerase (Invitrogen) with the primers 5Ј-ACGTGAATTCATGGGAACCCCAAAGCCACG-G-3Ј and 5Ј-TCGACTCGAGAGCAGGAACCAGTT-3Ј. The cloning product was verified by sequencing, cleaved with EcoRI and XhoI (EcoRI and XhoI restriction sites were inserted within the primers), and cloned into pMSCVneo retrovector (Clontech), cut with the same enzymes. The Phoenix Amphotropic packaging cell line was transiently transfected as described previously (www.stanford.edu/groupnolan/phxhelper.html) with the plasmids pMSCVneo and pMSCVneo ⌬NIRF-3. At 48 h posttransfection, retrovirus-containing medium was harvested and used to infect rat VSMC. VSMC were infected twice at 24-h intervals in the presence of 10 g/ml Polybrene (Sigma); selection with 800 g/ml G418 (Invitrogen) was started 5 days later. After 14 days, a population of resistant VSMC was selected. For selection of clones from both rat VSMC (Neo) and rat VSMC (⌬NIRF-3), cloning rings were used, and expression of the transgene was verified by immunoblot analysis.
RT-PCR Analysis-Total RNA was isolated using TRIzol (Invitrogen). DNase-treated (Ambion, Austin, TX) cellular RNA (1 g) was reverse transcribed with avian myeloblastosis virus reverse transcriptase (Sigma) in a 20-l reaction volume according to the manufacturer's instructions. PCRs were subsequently performed per the manufacturer's specifications with the following primers: rat RANTES forward and reverse, 5Ј-CTGCAGCTGCATCCCTCACC-3Ј and 5Ј-CCA-CTTCTTCTCTGGGTTGG-3Ј, respectively; rat ␤-actin forward and reverse, 5Ј-CCATGTACGTAGCCATCCA-3Ј and 5Ј-GATAGAGCCACCA-ATCCAC-3Ј, respectively; human RANTES forward and reverse, 5Ј-A-TGAAGGTCTCCGCGGCAGC-3Ј and 5Ј-AACCCATTTCTTCTCTGGG-T-3Ј, respectively. Rat IP-10 has been described previously (43) as have human IP-10 (44) and human ␤-actin (45) .
Immunoblot Analysis and Native-PAGE-Preparation of whole cell extracts (WCE) and analysis of IRF-3, TBK1, IKK⑀, and IB␣ by immunoblot analysis were accomplished as described previously (39, 46) . Both anti-NES (IBL) and anti-TBK1 (Santa Cruz) were used at 1 g/ml. Anti-IB␣ and anti-IKK⑀ were used at 2 g/ml, anti-␤-actin was used at 1/10,000, and phospho-IB␣ (Ser-32) antibody was used following the manufacturer's instructions. Native-PAGE was conducted as described previously (47) . Briefly, 7.5% acrylamide gels (without SDS) were prerun with 25 mM Tris and 192 mM glycine, pH 8.4, with and without 1% deoxycholate in the cathode and anode chamber, respectively, for 30 min, at 40 mA. WCE (15 g) diluted in native sample buffer (62.5 mM Tris-HCl, pH 6.8, 15% glycerol, and bromphenol blue) were applied to the gel and subjected to electrophoresis for 60 min at 25 mA. Immunoblotting was performed as above using the anti-NES antibody.
In Vitro Kinase Assays-The phosphotransferase activity of ERK1, JNK, and p38 was measured by specific immune complex kinase assays using myelin basic protein, GST-c-Jun, and GST-ATF2 recombinant proteins as substrates, respectively (38) . To verify the phosphotransferase activity of TBK1 and the IKK complex, 100 -250 g of WCE was incubated for 4 h at 4°C with specific antibodies: anti-IKK␥ (SC-8330) for the IKK complex and anti-TBK1 (89246) preadsorbed to protein A-Sepharose beads. The immune complexes were washed three times with lysis buffer and once with kinase buffer (20 mM HEPES, pH 7.4, 20 mM MgCl 2 , and 2 mM dithiothreitol. TBK1 and IKK complex activities were assayed by resuspending the beads in 40 l of kinase buffer containing 1 g of GST-IRF-3 or GST-IB␣ respectively, 20 M ATP, and 20 Ci of [␥-32 P]ATP. The reactions were incubated at 30°C for 30 min and stopped by the addition of 2ϫ Laemmli sample buffer. The samples were analyzed by SDS-PAGE. After Coomassie staining, the gels were dried and exposed to a gel documentation device (Typhoon scanner 9410, Amersham Biosciences) for imaging and quantification. In some experiments, the upper part of the gel was transferred electrophoretically to Hybond C nitrocellulose membranes, and immunoprecipitated TBK1 was revealed by immunoblotting using anti-TBK1 antibody (SC-9911).
Electrophoretic Mobility Shift Assays (EMSA)-For EMSA, 15 g of WCE was incubated at 15°C for 5 min in a buffer containing 20 mM HEPES, pH 7.0, 40 mM KCl, 20 mM NaCl, 10 mM NaF, 1 mM MgCl 2 , 1 mM dithiothreitol, 0.1 mM EDTA, 4% (v/v) Ficoll, 0.08% (v/v) Triton X-100, 2 g of poly(dI)⅐poly(dC), and ϳ0.1 ng of 5Ј-end 32 P-labeled oligonucleotide in a final volume of 25 l. One l of an anti-IRF-3 antibody (SC-369X) was included in some experiments for 15 min at 4°C before the addition of the radiolabeled oligonucleotides. Reactions were resolved using a 6% acrylamide and 0.2% N,NЈ-methylenebisacrylamide polyacrylamide gel. After electrophoresis the gels were dried and exposed to a Typhoon scanner 9410 for imaging and quantification. Double-stranded oligonucleotides representing the ISG15 ISRE sequence and a mutated ISRE version have been described previously (35) .
Cartesian Arrays-A Cartesian Array kit (BioSource, Camarillo, CA) was used for in vitro detection of cytokines released in culture medium. The assay recognizes both natural and recombinant human cytokines. Supernatants were diluted three times in dilution buffer before immunoblotting with the membrane arrays. Blotting and detection were accomplished as described by the manufacturer's instructions.
RESULTS

Activation of Tank-binding Kinase 1 in Primary HAOSMC
Infected with HCMV-Infections of fibroblasts with HCMV have been shown to activate multiple kinases including the phosphatidylinositol 3-kinase-AKT pathway (48) and mitogenactivated protein kinases pathways, i.e. p38 and ERK (49 -51) . Using in vitro kinase assays, we also observed ERK, JNK, and p38 activation in primary HAOSMC infected with HCMV ( Fig.  1 ). Recent studies have described the role(s) of the noncanonical IKK-related kinases TBK1 and IKK⑀ as essential components of an IRF-3 signaling pathway activated by enveloped RNA viruses or Toll-like receptor (TLR)-3 and -4 engagement by double-stranded RNA and LPS, respectively (26, 27, 29, 30) . Because TBK1 is constitutively and ubiquitously expressed as opposed to IKK⑀ (see Refs. 17 and 19 and Fig. 6A ) we first wanted to verify whether the activity of TBK1 was increased in HCMV-infected HAOSMC. Fig. 2A shows that HCMV infection of HAOSMC strongly activated TBK1 phosphotransferase ac- tivity as measured by phosphorylation of the C-terminal region of IRF-3. The phosphotransferase activity started at 4 h postinfection (hpi) and was sustained for 20 hpi. Under our experimental conditions, IKK⑀ was not detected in TBK1-immune complexes (data not shown). To delineate which Ser/Thr residues of IRF-3 were phosphorylated by TBK1, in vitro kinase assays were accomplished with different GST-IRF-3 recombinant proteins. Fig. 2B shows that major phosphoacceptor sites targeted by TBK1 in vitro mapped to the second clustered Ser/Thr residues (see Fig. 2, B and C) , an acidic region known to be involved in IRF-3 activation (31). We also addressed the level of activation of the canonical IKK complex after infection of primary HAOSMC with HCMV. Fig. 3A shows that TBK1 phosphotransferase activity was again strongly activated by HCMV and, to a lesser extend, the enveloped RNA virus SeV used as a positive control (compare lanes 4 -5 and 8 -9) . When the same cellular extracts were used to verify the phosphotransferase activity of the IKK complex, a significant increase was observed when cells were infected with SeV (Fig. 3B, lanes  1-5) . However, no activation of the IKK complex was detected in HCMV-infected HAOSMC in the first hours after the infection (Fig. 3B, lanes 6 -9) . Intriguingly, other studies have shown activation of the NF-B pathway in human SMC infected by HCMV (50, 52) . Because degradation of the NF-B inhibitor IB␣ is often used as a hallmark of the activation of the NF-B pathway, we decided to verify the expression level of the latter in our model. In a reproducible manner, another set of experiments showed no detectable phosphotransferase activity of the IKK complex as opposed to a significant activation of TBK1 at 4 hpi (Fig. 3C, compare a and b, lanes 4 -6) . Importantly, the inability of HCMV to induce the activation of the IKK complex correlated with a lack of in vivo phosphorylation of IB␣ on Ser-32 (Fig. 3C, c) . Nevertheless, the expression level of IB␣ was reduced significantly upon virus infection (Fig. 3C, d) . The apparent lack of IKK complex activation after HCMV infection could have been the result of a poor sensitivity kinase assay (KA) was accomplished on WCE as described in Fig. 2 . CS, Coomassie stain. B, IKK complex kinase assay was measured by immune complex kinase assay using GST-IB␣ as substrate. C, WCE derived from HCMV-infected HAOSMC were prepared and subjected to TBK1 kinase assay (a) and IKK complex kinase assay (b) or analyzed by immunoblotting (IB) using an anti-phospho-IB␣ (Ser-32) antibody (c). The membrane was stripped and reprobed with an anti-IB␣ antibody (d) followed by an anti-␤-actin antibody (e). D, IKK complex kinase assay (a) and immunoblot analysis of Ser-32 phosphorylation of IB␣ using an anti-phospho-IB␣ (Ser-32) antibody (b) were accomplished on WCE derived from SeV-infected HAOSMC.
of our in vitro kinase assay. However, after infection of HAOSMC with SeV, a specific phosphoserine 32 signal of endogenous IB␣ followed the same kinetics of activation of the IKK complex (Fig. 3D) . Moreover, quantitative analysis revealed that the phosphotransferase activity of the IKK complex was increased up to 13-fold after SeV infection (Fig. 3D ) and 20-fold after a 5-min exposure of the cells to tumor necrosis factor-␣ (data not shown). Collectively, these data suggest that HCMV has the capability to induce the degradation of IB␣. Importantly, however, this seems to occur in an IKK-independent mechanism. Because the phosphotransferase activity of TBK1 was strongly induced in HCMV-infected cells, these findings suggest that TBK1 might play a more important role than the canonical IKK complex in HCMV pathogenicity. They also suggest that IRF-3 is likely activated in vivo by HCMV in primary HAOSMC.
Activation of IRF-3 by HCMV-Through biochemical evidence such as DNA binding activity and nuclear accumulation, previous reports have suggested the activation of IRF-3 in fibroblasts infected with HCMV (35, 36) . However, these reports suggested a possible virus-induced protein with antagonistic activity toward IRF-3 because activation of the latter was partly or totally dependent on the presence of cycloheximide. Viral interference with the IRF-3 pathway might be dependent on the presence of the HCMV tegument protein pp65 because it was recently proposed to block phosphorylation and nuclear accumulation of IRF-3 (34) . Given that we observed a significant increase in the phosphotransferase activity of the TBK1 in primary HAOSMC after HCMV infection (Figs. 2 and 3) , we wanted to revisit the possibility that IRF-3 is activated in response to HCMV. We first assessed the phosphorylation status of IRF-3 in response to HCMV by SDS-PAGE and Western blot analysis. Activation of IRF-3 after its C-terminal phosphorylation was relatively easy to detect in extracts from HCMVinfected cells because phosphorylated IRF-3 migrates with a higher apparent molecular mass in SDS-PAGE than nonphosphorylated IRF-3 (39, 42, 46) (Fig. 4A compare lanes 1-2 with  lanes 3-5) . The Ser-396 phosphorylation has been characterized previously as the minimal phosphoacceptor site required for RNA virus-mediated IRF-3 activation in vivo (26, 39) . Fig. 4 , A and 4B, shows that there was a clear temporal correlation between the detection of the phosphoserine 396 signal and the appearance of the higher molecular mass phosphorylated IRF-3 species. Thus, these data demonstrate that Ser-396 phosphorylation of IRF-3 occurs in vivo after infection with HCMV. Similar data were observed with the clinical isolate Toledo (data not shown).
Previous studies have suggested that C-terminal phosphorylation of IRF-3 alters its conformation and induces its dimerization (47, 53) . Using a native gel assay (47) , our data show that HCMV-induced C-terminal phosphorylation of IRF-3 is followed by dimer formation (Fig. 4C, lanes 3-5) . It is important to note that C-terminal phosphorylation and dimerization of IRF-3 followed the same kinetics of TBK1 activation, i.e. activation of both proteins was observed 4 hpi (compare Fig. 2A , lane 6 and Fig. 3A, lane 8 with Fig. 4A, lane 3) . It is thought that the dimerization of IRF-3 is followed by its nuclear accumulation, its binding to specific promoters, and the induction of an antiviral set of genes (53, 54) . Indeed, evidence in increase DNA binding activity of IRF-3 was observed by EMSA using extracts prepared after infection with HCMV in the presence or absence of cycloheximide (Fig. 5A, lanes 3-5 and 8 -10) . A polyclonal antibody specific for IRF-3 included in the binding reaction specifically inhibited the formation of the complex (Fig. 5A, lanes 11 and 12) . Fig. 5B shows the specificity of the binding signal in EMSA. An excess of homologous oligonucleotide inhibited complex formation by extracts of HCMV-infected primary HAOSMC (Fig. 5B, lanes 5 and 11) , whereas an excess of a derivative oligonucleotide containing a single point mutation had no detectable effect (Fig. 5B, lanes 6 and 12) . Even if the TBK1/IRF-3 pathway was strongly activated by HCMV in primary HAOSMC, we did observed a weak but significant effect of cycloheximide in these primary cells (Figs. 4B and 5A, compare lanes 3-5 with lanes 8 -10) . Given that LPS is a well characterized inducer of IRF-3 (27) (28) (29) (30) , there was the possibility that our observations were caused by contamination of the viral stock with minute quantities of endotoxin. To exclude this possibility, we heat-treated our HCMV preparation. Indeed, LPS exhibits thermostability (55), whereas most proteins are thermolabile. Heat treatment of our HCMV preparation completely blocked its ability to activate IRF-3 in primary HA-OSMC. Moreover, LPS alone failed to induce IRF-3 under our experimental conditions (data not shown). Together these experiments, although partly confirming previous observations, nevertheless clearly demonstrate that HCMV has the intrinsic capability of activating the TBK1/IRF-3 pathway in permissive primary HAOSMC.
Both IKK-related Kinases Are Required for Full Activation of IRF-3 in HCMV-infected Primary HAOSMC-In addition to
TBK1, IKK⑀ is known to be part of the signaling cascade leading to IRF-3 activation (26 -30) . However, IKK⑀ is expressed predominantly in immune cells and tissues, including peripheral blood leukocytes, spleen, and thymus (17) . On the other hand, TBK1 is constitutively and ubiquitously expressed (19) . Indeed, using an antibody that recognize both isoforms, we observed that the expression level of IKK⑀ was weak in FIG. 4 . IRF-3 activation by HCMV in HAOSMC. Cells were left untreated (Ϫ) or infected for different periods of time with HCMV in the presence or absence of 100 g/ml cycloheximide (CHX). A, endogenous IRF-3 proteins were detected in WCE by immunoblotting using anti-NES antibody that reacts against the NES of human IRF-3. B, endogenous phosphorylation of IRF-3 on Ser-396 present in WCE was detected by immunoblotting with the IRF-3 phosphospecific antibody (HIS 5033). C, native-PAGE analysis. WCE were prepared and subjected to native-PAGE followed by immunoblotting with the anti-NES antibody.
primary HAOSMC as opposed to the U937 monocytic cell line used as a positive control (see Fig. 6A ). However, TBK1 was equally expressed in both cell models. Despite this differential profile in their respective distribution, we decided to verify the contribution of these two isoforms in IRF-3 activation by using siRNA technology. Upon transfection of the indicated siRNA duplexes, the expression levels of both isoforms were downregulated by 60 -70% (see Fig. 6, B and C) . When the isoforms were individually down-regulated, a net decrease (ϳ50%) in HCMV-induced IRF-3 dimerization was observed (Fig. 6D,  compare lane 2 with lanes 4 and 6) . However, under conditions where both isoforms were knocked down, HCMV-induced IRF-3 dimerization was almost completely abrogated (see Fig.  6D, lanes 7 and 8) . These data thus demonstrate that both kinases are required for full activation of IRF-3 in HAOSMC infected with HCMV.
HCMV Infection of VSMC Results in the Induction of Proatherosclerotic Genes in an IRF-3-dependent
Manner-Chemokines are thought to play a major role in atherosclerosis development. Because the genes Cxcl10 (encoding for the chemokine IP-10) and Ccl5 (encoding for the chemokine RANTES) contain ISRE elements in their promoters and their transcription is induced by IRF family members such as IRF-3 (40, 56), we addressed whether these genes were induced in an IRF-3-dependent fashion in primary HAOSMC and rat VSMC infected by HCMV. Semiquantitative RT-PCR analysis revealed that both Ccl5 and Cxcl10 transcripts were induced by HCMV (Fig.  7A ). This increase in these proatherogenic transcripts was followed by the detection of their related proteins in the supernatant of HCMV-infected HAOSMC (Fig. 7B) . Remarkably, only IP-10, RANTES, and IL-6 were increased significantly in the supernatant of HAOSMC at 20 hpi. Activation of the TBK1/ IRF-3 pathway was also observed in HCMV-infected rat VSMC (see Fig. 9F and data not shown). These cells were therefore used as a model for stable expression of a dominant-negative mutant of IRF-3 (⌬NIRF-3) (40) . Different clones were isolated, amplified, and characterized (Fig. 8A) . After HCMV infection, induction of transcripts for both Ccl5 and Cxcl10 was observed in the two clones of rat VSMC expressing only the neomycin cassette (clones neo 3 and 6; Fig. 8, B and C) . However, the presence of a high level of ⌬NIRF-3 in clone 3.3 markedly attenuated the induction of both Ccl5 and Cxcl10 mRNA by HCMV (Fig. 8, B and C) . The clone expressing a moderate level of ⌬NIRF-3 (clone 8.3) displayed only intermediate levels of induction of these transcripts. Together, these data clearly demonstrate that HCMV infection of vascular cells results in the production of proatherosclerotic chemokines in an IRF-3-dependent manner.
Activation of the TBK1/IRF-3 Pathway by HCMV Is Independent of PTX-sensitive G␣ i/o Proteins and Signaling through EGFR-Studies
have shown that binding of HCMV glycoprotein to host cell receptors activates cellular signaling pathways and cytokine production (for review, see Ref. 57) . This was specifically demonstrated for the envelope glycoprotein B (gB) of HCMV, which alone was shown recently to induce IRF-3 activation in the presence of cycloheximide (58) . Interestingly, gB interacts, induces intracellular signaling, and allows viral entry through at least one type of host receptor, i.e. the EGFR (37) . In addition, PTX-sensitive G proteins are involved in HCMV-induced activation of ERK, cPLA2, and NF-B in primary HAOSMC (50) and IL-6 production in fibroblasts (59) . In light of these interesting findings, we thought to verify the involvement of these pathways in TBK1/IRF-3 activation by HCMV in HAOSMC as well as rat VSMC. As reported previously (41), treatment of rat VSMC with PTX, a potent inhibitor of G␣ i/o proteins (50), totally blocked LPA-induced ERK1 activation (Fig. 9A, lane 8) . Pretreatment with the tyrphostin AG1478, a selective EGFR kinase inhibitor that effectively blocks HCMV-induced intracellular signaling and viral entry (37) , inhibited the activation of ERK1 by both angiotensin II and LPA (Fig. 9A, lanes 6 and 9) as reported previously (41) . However, in the presence of these inhibitors, IRF-3 was still activated by HCMV in HAOSMC when verified by a decrease of mobility in SDS-gel, the use of the phosphospecific antibody, the dimerization state and the DNA binding activity of IRF-3 (Fig. 9, B-E) . These observations correlated with an activation of the phosphotransferase activity of TBK1 in rat VSMC overexpressing a dominant-negative version of EGFR (HERCD533) (41) (Fig. 9F ) and the failure of PTX and AG1478 to inhibit HCMV-induced TBK1 activation in human primary HAOSMC (Fig. 9G) . sponse to pathogens is thought to induce the development of an inflammation response leading to pathological conditions such as atherosclerosis (61) . In addition to its effect on the cell cycle and apoptosis, VSMC migration, proliferation, and cholesterol uptake, we show here that infection of primary HAOSMC with HCMV induces strong production of RANTES and IP-10 chemokines in an IKK-related kinases/IRF-3 dependent manner. HCMV infection of HAOSMC also induces a marked degradation of the NF-B inhibitor, IB␣ (Fig. 3C, d) , thus suggesting activation of the NF-B pathway in HCMV-infected HAOSMC as also reported by others (50, 52) . In this scenario, we propose that activation of NF-B is most likely in part responsible for the presence of IL-6, a known NF-B-regulated gene, in the supernatant of HCMV-infected HAOSCM (Fig. 7) . Because the canonical IKK complex was only poorly activated (depending on the lot of primary HAOSMC, a very weak increase in the phosphotransferase activity (1.5-fold) of the IKK complex was A, ERK1 kinase assay. Quiescent rat VSMC were pretreated for 16 h with 100 ng/ml PTX (P), 30 min with 250 nM AG1478 (A), or 0.01% vehicle dimethyl sulfoxide (D) and then stimulated for the indicated times with 100 nM angiotensin II (Ang II) and 20 M LPA. WCE were prepared, and the phosphotransferase activity of ERK1 was measured by immune complex kinase assay using myelin basic protein (MBP) as substrate. B, C, and D, HAOSMC were pretreated with AG1478 and PTX as described in A and then infected with SeV (S; used as a positive control) or HCMV (H) for 6 h. WCE were prepared and IRF-3 activation was measured by immunoblotting (B and C) as well as native-PAGE (D). E, DNA binding activity of IRF-3. HAOSMC were left uninfected (Ϫ) or infected with HCMV for the indicated times. WCE were prepared and subjected to EMSA analysis using ISG15-specific oligonucleotide as a probe. DMSO, dimethyl sulfoxide. F, activation of TBK1 in rat VSMC. Parental and HERCD533 cells were infected with HCMV for the indicated time, and the activity of TBK1 was measured by immune complex kinase assay using GST-IRF-3 as substrate. G, activation of TBK1 in HAOSMC. Cells were pretreated for 16 h with 100 ng/ml PTX (P), 30 min with 250 nM AG1478 (A) or 0.01% vehicle dimethyl sulfoxide (D) and then left uninfected (Ϫ) or infected for 6 h with HCMV. The phosphotransferase activity of TBK1 was measured by immune complex kinase assay using GST-IRF-3 as substrate.
sometime detected), it is unlikely that it is involved in HCMVmediated IB␣ degradation. Indeed, phosphorylation on Ser-32 of IB␣ was not observed during the time course studied (Fig.  3C, c) . We therefore propose that other intracellular pathways must be activated by HMCV and involved in IB␣ degradation. On the other hand, because the IKK-related kinase TBK1 was significantly activated by HCMV, it could also have an effect on the induction of NF-B-targeted genes through phosphorylation of p65 subunit of NF-B on Ser-536 (21), thus influencing the recruitment of the basal transcriptional machinery (62) . We have initiated the characterization of the pathways activated after HCMV infection of HAOSMC and leading to IB␣ degradation as well as p65 phosphorylation. We do not have results explaining the weak induction of the IKK complex by HCMV in primary HAOSMC, but one can argue that it might be, in part, related to the presence of the HCMV tegument protein pp65 (33) .
RANTES has been implicated in cardiac inflammatory disorders after organ transplantation or arterial injury (63, 64) . RANTES has also been detected in plasma samples from patients suffering from cardiovascular diseases (65) , and more recently, a study showed a reduction of atherosclerotic plaque formation in mice treated with a RANTES receptor antagonist (66) . IP-10, like RANTES, is a chemoattractant for monocytes and lymphocytes. Its levels are increased in the carotid artery of rats after angioplasty (43) , and it is also found in human atheroma-associated cells such as endothelial cells, VSMC, and macrophages (67) . More recently, the plasma concentrations of IP-10 were shown to be increased in patient suffering from restenosis after percutaneous transluminal coronary angioplasty (68) , and acute mouse cytomegalovirus infection increased aortic induction of the Cxcl10 gene in young apoE
and C57BL/6J mice (69) . Collectively, our results are compatible with the hypothesis that HCMV infection of vascular cells, such as primary HAOSMC, might play a pivotal role in atherosclerotic disease. In addition, our study directly addresses the molecular mechanism involved in HCMV-induced proatherogenic genes induction in primary HAOSMC. This is the first report demonstrating direct activation of a novel effector of the innate immune response, TBK1, by a DNA virus such as HCMV. So far, only enveloped RNA viruses, double-stranded RNA and LPS, have been shown to use this novel pathway to activate IRF-3 (26, 27, 29, 30) . By verifying important steps of IRF-3 activation (C-terminal phosphorylation, dimerization, and DNA binding activity), we clearly demonstrate that HCMV has the intrinsic capability to activate IRF-3 in human HA-OSMC. We were not able to verify directly the phosphotransferase activity of the other IKK-related isoform, IKK⑀, because we did not find antibodies that were able to form active in vitro immunocomplexes (data not shown). However, despite the weak expression of this isoform (as opposed to TBK1, see Fig.  6A ), the use of siRNA technology allowed us to demonstrate that both kinases are required for full activation of IRF-3 in HAOSMC infected with HCMV.
We observed a weak but significant viral interference with IRF-3 activation in HAOSMC because cycloheximide treatment resulted in stronger IRF-3 activation (see Figs. 4 and 5) . A similar observation was made in HCMV-infected human foreskin fibroblasts (35) . Contrary to these observations, infection of human fetal lung fibroblasts with HCMV resulted in the activation of IRF-3 only in the presence of cycloheximide (35) . We do not have any explanation for this discrepancy, but it seems likely to be cell type-related. In addition to this observation, we did not address the direct effects of HCMV tegument protein pp65 on IRF-3 activity. The results demonstrating that pp65 inhibited IRF-3 phosphorylation and nuclear accumulation (34) might suggest that only upon infection at high multiplicity of infection (i.e. when several pp65 molecules are delivered to the infected cell) would the HCMV tegument protein inhibit the activation of IRF-3.
Signaling Pathways Leading to TBK1/IRF-3 Pathway Activation by HCMV in VSMC-Transcriptionally inactive HCMV induces the activation of the innate arm of the immune system as well as cytokine production (70, 71) . These observations suggest that structural components of the virion, such as gB from HCMV, could probably initiate these responses through activation of cell surface receptors on the host cells (51, 72) . Accordingly, Wang et al. (37) demonstrated that EGFR was involved in HCMV-induced signaling and viral entry and, moreover, that gB was a ligand of EGFR. In addition, Compton's group (58) showed that IRF-3 was activated by recombinant gB in the presence of cycloheximide. In our model system, however, it is unlikely that EGFR signaling contributes to TBK1/IRF-3 activation. The use of a highly characterized EGFR tyrosine kinase inhibitor (AG1478) did not affect IRF-3 activation by HCMV, and importantly, the phosphotransferase activity of TBK1 was even stronger in VSMC expressing a dominant-negative version of EGFR (see Fig. 9F ). Another scenario suggests that EGFR could be used for docking of virions on the host cells prior to receptor clustering and activation of the innate immunity (73) . However, we did not observe a significant reduction in the activation of IRF-3 when using a neutralizing antibody against EGFR that inhibits viral entry (data not shown) (37) . A similar conclusion was reached with the use of the tyrphostin AG1478, which was also shown to inhibit HCMV entry in target cells (37) . Because hematopoietic cells do not express EGFR but are efficiently infected by HCMV (74) , the existence of other HCMV receptors, or other gB receptors in addition to EGFR, is to consider. Indeed, while this manuscript was under revision, Compton's group showed that integrins are likely to play a key role in HCMV entry (75) . The involvement of a G␣ i/o -coupled receptor is also unlikely because PTX treatment had no antagonistic effect on the intracellular pathways leading to IRF-3 activation in HAOSMC.
TLRs are major key players in pathogen recognition (for reviews, see Refs. 76 and 77) . A recent study demonstrated that the induction of inflammatory cytokines by HCMV was mediated via a TLR-2-dependent activation of NF-B (78). However, this study did not verify whether IRF-3 was activated in a TLR-2-dependent fashion by HCMV. So far, data in the literature suggest that this is unlikely because of the 10 human TLR members published to date, only TLR-3 and TLR-4 have been shown to induce type I interferon production through IRF-3 activation (for review, see Ref. 79 ). Thus, experiments are under way to try to identify other HCMV receptors or gB receptors that are responsible for the activation of the innate arm of the immune response through the TBK1/IRF-3 pathway.
Recently Tontonoz's group (80) demonstrated a cross-talk between LXR and TLR signaling mediated by IRF-3, the latter acting as an antagonist of cholesterol metabolism through its effect on the ABCA1 transporter (80) . Our discovery of a functional link between activation of TBK1 and IRF-3 in HCMVinfected smooth muscle cells and the work from Tontonoz's group extends our knowledge on the possible role of IRF-3 in atherogenesis. More work is still necessary to appreciate the complex response of host cells to virus infection and more precisely how HCMV modulates atherogenesis.
